Abstract
Introduction
were pointed back down for 10 m before starting the next transect. This was repeated 153 over 4 transects, with all transect start and end points, and transect intervals pre-154 marked on the biodegradable line. 155
Benthic surveys were conducted along the same survey lines following the SVS, 156 using a GoPro Hero 4 Black camera. A planar photo quadrat was taken at the start and 157 then at every 2.5 m intervals along the transect giving 13 quadrats per transect. When 158 taking quadrats, the camera was held perpendicular to the reef at approximately 0.4 m 159 above the benthos. 160
161

Video analysis 162 163
The stereo-DOV footage was analysed using EventMeasure (v4.42, SeaGIS, 164
Melbourne, Australia). Transects were synchronised, and all fish 2.5 m either side of the 165 camera (5 m transect width; constrained using EventMeasure) were identified to 166 species, or the lowest taxonomic level possible and measured from snout to the tip of 167 caudal peduncle. From the length and species identification the biomass was estimated 168 based on length-weight ratios from Fishbase [51] , based on the equation: W=aL b Where 169 W is the weight, L is the length and a and b are given parameters for a specific species. 170
Photos were analysed using Coral Point Count with Excel extensions [52] to 171 determine the percent cover of different benthic categories. Ten random points were 172 placed on each quadrat image in CPCe, and the substrate category at each point was 173
identified. The total number of points of each substrate category per transect was then 174 used to calculate benthic percentage coverage for each transect. Categories were: Black 175
Coral (Antipatharia), Hard Coral (Scleractinia), Calcareous Macroalgae, Fleshy 176
Macroalgae, Turf Algae, Crustose Coralline Algae, Sponge, Gorgonian, Hydrozoan, 177
Cyanobateria, and Non-Living substrate. 178
179
Data analysis 180
To evaluate differences in percentage coverage of key benthic groups a Euclidian 181 permutational analysis of variance (ANOVA) was used on mean percentage cover of 182 each benthic group at each depth and site. To test for broader differences in benthic 183 community assemblage based on depth, protection, and interactions between these 184 factors, permutational multivariate analysis of variance (PERMANOVA) was used on 185
Bray-Curtis dissimilarities of percentage cover of all benthic categories. To further 186 explore differences in benthic community structure based on protection and depth a 187 redundancy analysis was conducted using the function 'rda' in vegan [53] . This 188 redundancy analysis was based on removing non-living substrate and standardising the 189 percentage community composition of all living components of the community. ANOVA to test for effects of depth and protection. We followed Langlois et al. [54] to 199 use kernel density estimates to compare length distributions between fish surveyed 200 within and outside the protected area. Bandwidths were selected using the Jones selection procedure [55] within the 'dpik' function in the 'KernSmooth' package 202 [56] . Differences in the length distributions were then tested using the permutational 203 
Results
210
Benthic communities 211 212
We identified differences in benthic communities based on both protection 213 status and depth, with the significant interaction between protection and depth 214
indicating that the effect of protection changes based on depth (Table 1) . We found 215 greater hard coral cover on shallow reefs inside the protected area (8.5 ± 2.9 % cover; 216 mean ± SE) than outside (0.5 ± 0.1 %), and greater gorgonian coverage on MCEs inside 217 the protected area (7.1 ± 1.6 %) than outside (1.6 ± 0.7 %) (Figure 2) . No other 218 significant differences were detected between percentage cover of major groups such 219 as sponges, macroalgae and non-living substrate between areas of the same depth 220 based on protection (Figure 2 ). There were major differences in benthic cover between 221 shallow reefs and MCEs, with all surveyed Cozumel MCEs existing as continuous reef 222 systems dominated by sponges and calcareous macroalgae (mostly Halimeda), with 223 black corals present and very little of the benthos covered by non-living substrates 224 ( Figure 2B ). In contrast, the shallow reefs of Cozumel were characterised by areas of 225 reef separated by patches of sand resulting in higher non-living benthic cover ( Figure  226 2A). A full list of hard coral and black coral species identified at each depth is contained 227 in ESM 2. 228
To further explore differences in benthic ecological communities between sites 229 within the protected area and those outside we conducted a redundancy analysis (RDA) 230 of the benthic coverage data after removing non-living benthic groups and recalculating 231 percentages. In the shallows we found that two of our three sites without protection 232 were correlated with higher sponge cover, while the other site without protection had 233 higher gorgonian and hydroid cover ( Figure 3A) . The highest hard coral cover was 234 associated with two of the protected sites, Palancar Jardines and Herradura, at 15.7 ± 235 6.9 % and 14.4 ± 2.3 % cover respectively. While the three sites without protection had 236 the lowest hard coral cover at 0.6 ± 0.6 % (Purgatorio), 0.2 ± 0.2 % (Transito 237 Transbordador) and 0.6 ± 0.4 % (Villa Blanca). On MCEs, protected sites were associated 238 with greater gorgonian, black coral and crustose coralline algae cover ( Figure 3B ). 239
Interestingly, some sites which clustered close together in the RDA analysis in the 240 shallows also did so on MCEs, for example, outside the protected area Transito 241
Transbordador and Purgatorio, and inside the protected area Palancar Jardines and 242
Herradura. This suggests similar environmental or anthropogenic processes may be 243 driving benthic communities on shallow reefs and MCEs. In addition to being associated 244 with higher hard coral cover in the shallows, both Palancar Jardines and Herradura were 245 associated with higher hard coral cover on MCEs ( Figure 3B ), with Herradura having the 246 highest hard coral coverage we observed on Cozumel MCEs at 5.1 ± 2.0 %. Black corals 247 were recorded at all five MCEs within the protected area, but only at the Purgatorio 248 MCE outside the marine park. However, overall recorded black coral coverage was low, 249 with 3.0 ± 1.2 % at Palancar Jardines and 2.9 ± 2.9 % at Santa Rosa, the two sites with 250 the greatest coverage. 251 252
Fish communities 253 254
No difference in fish species richness was identified between shallow reefs 255 located inside and outside the protected area or between MCEs located inside and 256 outside the protected area ( Figure 4A ). However, fish species richness was greater on 257 shallow reefs than MCEs (F1,13=22.8, p<0.001), with a mean shallow reef fish species 258 richness of 12.4 ± 0.7 species per 150 m 2 in contrast to 7.6 ± 0.6 mean species richness 259 per 150 m 2 on MCEs. Overall, we recorded 80 fish species on Cozumel reefs in this 260 study, with 39 species (48.8 %) only recorded on shallow reefs, 7 species (8.9 %) only 261 recorded on MCEs and 34 species (42.5 %) recorded on both shallow reefs and MCEs. 262
The full list of which species were recorded at one or both depths is available in ESM 3. 263
We detected weak effects of protection status on both overall fish biomass (F1, 264 13=5.1, p=0.04) and commercially-important fish biomass (F1,13=5.5, p=0.04), with 265 greater fish biomass associated with sites within the protected area on both shallow 266 reefs and MCEs ( Figure 4B, 4C) . We found no significant interaction between depth and 267 protection (so removed this interaction from the model during simplification) or effect 268 of depth (shallow vs MCE) on overall fish biomass (F1,13=3.9, p=0.07; Figure 4B ) or 269 commercially-important fish biomass (F1,13=2.8, p=0.12; Figure 4C) To identify which fish families might be driving these patterns, and to investigate 277 the potential depth refuges for important fisheries species, we grouped all 278 commercially-important fish species by family and compared their biomass inside and 279 outside the marine park, and on shallow reefs and MCEs using a permutational ANOVA 280 (Table 2) . We found no commercially-important fish families showed interactions 281 between depth and protection, or protection effects (Table 2) . Commercially-important 282 species, comprising four fish families, biomass was affected by depth, however the 283 effect of depth was not consistent between families. Three families showed reduced 284 biomass on MCEs compared to the shallows, these were (percentage decline in biomass 285 for shallow reefs vs. MCEs in parenthesis): Acanthuridae (74.9 %), Haemulidae (96.0 %) 286 and Mullidae (100.0 %). While Pomacanthidae showed a 396.1 % increase on MCEs 287 compared to shallow reefs. 288
We tested fish length distributions, comparing inside and outside the protected 289 area, finding that in shallow reefs outside the protected area a greater proportion of the 290 fish are of small (>200 mm) body length ( Figure 5A ). This pattern is even more extreme 291 when considering only commercially-important species on unprotected shallow reefs, 292
with a large peak in fish body lengths between 100-250 mm, and few individuals bigger 293 than 300 mm ( Figure 5C ). While protected shallow reefs share having many fish in the 294 100-250 mm range, there are more fish with greater body lengths in the 250-400 mm 295 range ( Figure 5C ). In contrast, on MCEs there are less clear differences between fish 296 length distributions inside and outside the protected area. While there are statistically 297 significant differences in the length distribution for all recorded MCE fish, this appears 298 to be driven by differences in the proportion of smaller fish in the 0-100 mm length 299 range with larger bodied fish showing similar proportions ( Figure 5B ). When specifically 300 comparing commercially-important fish on MCEs, we found no difference in the fish 301 length distributions based on protection status ( Figure 5D ). In general, we recorded few 302 large fish on reefs at both depths and protection types around Cozumel, with only 10 303 individuals >500 mm length out of the 2,599 recorded fish. These were individuals of: 304
Caranx latus, Mycteroperca bonaci, Ocyurus chrysurus, Pomacanthus arcuatus and 305
Sphyraena barracuda. However, we identified that most hard coral species found on shallow reefs decrease in 316 abundance or are absent on MCEs, suggesting that MCEs may have limited ability to aid 317 shallow reef hard coral recovery. In contrast, we found 42.5 % of fish species recorded 318 on both shallow reefs and MCEs, including many commercially-important fish species. 319
Our results therefore indicate that MCEs may play a role in supporting fish populations. 320
However, regardless of protection we found few large-body fishes (>500 mm), which 321
were nearly absent at all studied sites. 322
323
Differences between inside and outside MPA for shallow reefs and MCEs 324 325
We tested whether reefs within the MPA were similar to those outside. We 326 found that while the MPA had higher hard coral cover for shallow reefs, the main 327 difference between MCEs inside and outside the protected area is the higher abundance 328 of gorgonians inside. Hard corals represent a major component of the benthic 329 community providing structural habitat in the shallow areas. Previous research has 330 reported large declines in shallow reef hard coral cover in the area without protection 331 on Cozumel, including at one of our study sites Villa Blanca [38] . At Villa Blanca hard 332 coral cover declined from 44 % in 1995 to 4 % in 2005 [38] , which is more severe than 333 declines recorded within the protected area during this time [59] . We recorded current 334 hard coral cover at Villa Blanca at <1 % suggesting that further declines have occurred. 335
This unprotected area is adjacent to Cozumel town with multiple cruise ships, passenger 336 and car ferries passing over and docking adjunct to the reef daily. In addition, 337 development of a large cruise ship terminal appears to have severely affect shallow 338 reefs [38, 39] . 339
In general, reefs outside the protected area were dominated by non-living 340 components (e.g. discarded artificial structures and sand). In contrast, we found much 341 greater hard coral cover on shallow reefs inside the protected area (8.5 ± 2.9 % cover; 342 mean ± SE), this is similar to estimates from recent Cozumel reef monitoring surveys 343 inside the protected area [59, 60] . Even within the protected area however, shallow reef 344 communities exist as a series of built up reefs separated by patches of sand, and so have 345 a large proportion of non-living benthic cover. The percentage of non-living benthic 346 cover was not different on shallow reefs between the MPA and areas outside, we think 347 this maybe partly because of the areas surveyed. With more replicates/larger surveyed 348 area it is possible that more patterns would have been detectable, and we recommend 349 this for future studies. 350
Regardless of protection and location, all observed Cozumel MCEs were 351 continuous reefs with the main structural habitat complexity provided by calcareous 352 macroalgae, sponges, gorgonians, and black corals. While hard corals were present on 353
MCEs, these were at low abundance. There was no difference between sites inside and 354 outside the MPA on any benthic community component surveyed except gorgonians. 355
Gorgonian abundance was greater in the protected area (7.1 ± 1.6 %) than unprotected 356 sites (1.6 ± 0.7 %). It is not clear what drives these patterns, as it has previously been 357 suggested that gorgonians are more resilient to disturbance impacts and other 358 environmental factors than many other reef organisms such as hard corals [61, 62] . 359
However, the lack of hard corals on MCEs combined with high densities of gorgonians 360 may mean that gorgonians are a better indicator of MCE state [12] . In this context our 361 results would suggest that the disturbance associated with Cozumel town and the 362 associated boats is likely to be affecting benthic communities on MCEs. 363
Biomass, on both shallow reefs and MCEs, was higher within the protected area 364 than outside for all fish species, and also for commercially-important fish species. 365
Despite the higher fish biomass within the protected area than outside, Cozumel 366 shallow reef fish biomass within the protected area is considered low for the region 367 found that large groupers (>400 mm) were highly scarce, present in only 11% of 387
Care must be taken when interpreting comparisons between our protected sites 394 and our unprotected area. Unfortunately, because of the location of the National 395
Marine Park on the south west coast and the unprotected area adjacent to Cozumel 396 town on the west coast, it has not been possible to clearly disentangle effects of 397 protection from a geographical gradient along the Cozumel coast. Previous research has 398 repeatedly shown more severe declines in shallow reef condition in the area without 399 protection than has been recorded for the protected area [38, 39, 60] . This decline in 400 shallow reef health outside the protected area has been attributed to the close 401 proximity of shoreline development and the large population impact because of 402
Cozumel town [38, 60] combined with large port developments adjacent to the reef [39] . 403
Our sites therefore exist on a gradient of increasing distance from the largest human 404 settlement. Other processes can also be identified along this geographical gradient. For 405 example, currents predominantly flow from south to north along the west coast of 406
Cozumel [64] . Currents can influence water quality and correlate with both benthic and 407 fish community structure [65, 66] . However the greatest effects of currents on reef 408 communities have been recorded in lagoons where water flow is restricted [66, 67] . This 409
suggests that while the current flowing past the reefs of Cozumel are likely to affect 410 communities, this current gradient is unlikely to be the primary drivers of decline in for 411 reefs in the more northern unprotected area. 412 Mullidae on shallow reefs in our surveys, in Belize they have been observed >100 m on 459
Community ecology across shallow reefs to MCEs around Cozumel
MCEs [71] . In contrast, commercially-important Pomacanthidae increased in biomass on 460 MCEs, likely caused by the increased cover of sponges as many Pomacanthidae species 461 are spongivores [72] . 462
The sites furthest south (Palancar Jardines and Herradura in our study) had 463 higher shallow hard coral cover than the other sites inside the protected area further 464 north and unprotected sites. These furthest south sites also had the highest hard coral 465 cover on MCEs, suggesting that factors driving these hard coral cover in the shallows 466 may also be influencing MCEs. Both of these sites are furthest away from the main area 467 of development on Cozumel, and the first reefs that currents pass over along the coast 468 of Cozumel. The influence of both distance from settlement and current strength should 469 be investigated in future studies. 470
Integrating MCEs into current MPA management 472 473
Our results highlight that MCEs contain highly developed benthic communities 474 with many fish species previously reported on shallow reefs associated with them. 475
While there is some evidence that they may be buffered from some of the disturbances 476 affecting unprotected shallow reefs; our results also indicate that they contain unique 477 benthic assemblages that can benefit from protection. When designing and 478 implementing reef management plans, the whole reef ecosystem should be considered 479 Variation explained by each axis is indicated in parenthesis on the axis labels. The 799 length and direction of the arrows corresponds to increasing cover of benthic 800 categories at sites located in that region of the plot. Benthic categories were: BC -801 black coral, CCA -crustose coralline algae, CYAN -cyanobacteria, GORG -802 gorgonian, HC -hard coral, HYD -hydrozoan, MAC -calcareous macroalgae, MAF -803 fleshy macroalgae, SPON -sponge, and TA -turf algae. 804 
